Background: Shell evolution can impact the structure of the nuclei and lead to effects such as shape coexistence. The nuclei around 68 Ni represent an excellent study case, however, spectroscopic information of the neutron-rich, Z < 28 nuclei is limited.
I. INTRODUCTION
The nickel isotopic chain with a magic number of protons (Z = 28) is an excellent study case to test the nuclear shell model. It starts at 48 Ni, which decays through a recently discovered 2p emission channel [1] [2] [3] , goes through the doubly-magic N = Z = 28 56 Ni and ends beyond 78 Ni, whose region has been studied extensively * marek.stryjczyk@kuleuven.be † Deceased [4] [5] [6] [7] [8] [9] [10] to check the persistence of the magic numbers in nuclei with an extreme neutron-to-proton ratio. The region of 68 Ni around N = 40 is of particular interest. Some unexpected properties, such as a large excitation energy of the first 2 + state and a low B(E2,2 [11] [12] [13] , have been measured in this nucleus and they might suggest an N = 40 (Harmonic Oscillator magic number) subshell closure. On the other hand, adding or removing protons from the N = 40 nuclei leads to an increase of the collectivity, which is manifested by a sudden decrease of the 2 + 1 -excitation energy and increase of B(E2) values [14] [15] [16] [17] [18] [19] . Several studies were performed to understand arXiv:1812.07510v1 [nucl-ex] 18 Dec 2018 these properties [20] [21] [22] [23] [24] .
Recent developments in theoretical models suggest that in order to reproduce the structure of exotic nuclei, the tensor force has to be included into the nuclear shell model potential [25] . Its monopole part influences the shell structure, which is known as shell evolution [26] , and can lead to the erosion of the magic numbers [27] [28] [29] or changes in the single-particle shell ordering [30] [31] [32] . In the 68 Ni region, it is conjectured that shell evolution is responsible for a significant reduction of the energy gap between the 0f 7/2 and the 0f 5/2 proton shells, which gives a rise to creation of the different energy minima in the Potential Energy Surface (PES) [21, [33] [34] [35] . The occurrence of these phenomena were also discussed in Ref. [36] [37] [38] [39] .
In this work these phenomena are studied through the β − decay of 66 Mn to three A = 66 daughter nuclei: 66 Fe, 66 Co and 66 Ni. The simultaneous analysis extended the amount of available experimental information [35, [40] [41] [42] [43] [44] [45] and allowed us to address, at the same time, the increase of collectivity at N = 40, shape coexistence in 68 Ni region, and also the onset of deformation in the A = 66 chain. State-of-the-art Monte Carlo Shell Model calculations were performed for the analyzed isotopes and allowed to make theory guided tentative spin assignments and to explain the selective population of states in the β-decay process.
The paper is organized in the following way. The experimental setup and the analysis method are described in Section II. The data analysis results for the decay of 66 Mn, 66 Fe and 66 Co are presented in the subsections III A, III B and III C, respectively. In Subsection III D the details regarding the half-lifes of the analyzed nuclei and the direct feeding to the ground states are described. The discussion of the results and the interpretation are presented in Section IV, and the conclusions are drawn in Section V.
II. EXPERIMENTAL SETUP AND ANALYSIS
The experiment was part of a campaign at ISOLDE, CERN to measure the β decay of the neutron-rich 58,60−68 Mn isotopes. The details on the experimental conditions are published in Ref. [46] [47] [48] [49] . Here we report only the essential information.
To produce pure beams of manganese, 1.4 GeV protons from the Proton Synchrotron Booster were impinged onto a UC x target (45 g/cm 2 thickness). Created fission products diffused from the hot target (about 2000 degrees Celsius [50] ) into the ion source. Manganese atoms were selectively ionized by the three Nd:YAG-pumped dye lasers provided by the RILIS laser system [51] . Subsequently, the ions were accelerated and separated with respect to their mass-over-charge ratio A/Q using the High Resolution Separator (HRS). The slits between the two HRS dipole magnets were used to reduce isobaric contaminants. Finally, the ions were implanted on an aluminized mylar tape located inside a movable tape station [52] . The implantation point was surrounded by three plastic ∆E β detectors and two High Purity germanium (HPGe) MiniBall detector clusters for γ-rays [53] . Signals from the detectors were registered by the fully digital acquisition system, which was based on XIA-DGF4C modules [54] with an internal 40 MHz clock. More details about the detection system can be found in Ref. [47, 52] .
The acquisition cycle was based on the CERN proton supercycle structure (SC). In our case, the SC contains 33 quasi-instantaneous proton pulses (PP), sent every 1.2 seconds. After registration of the PP signal, the acquisition was started and a beam gate was opened for 140 ms to allow the delivery of the manganese beam. Subsequently, the decay radiation was registered for 860 ms. One second after each PP, a forced read-out of 200 ms was performed to store the data. After the last PP in each SC, the tape was moved in order to remove long-lived daughter activities. In our experiments, 32 consecutive PP from each SC, from the 2 nd to the 33 rd , were taken, while the first PP was skipped in order to move the tape.
The germanium detectors calibration was performed using standard sources of 60 Co, 133 Ba, 152 Eu and 241 Am. The measured photopeak γ-ray efficiency for the cobalt line at 1332 keV is 5.8(1) % [47, 52] .
The total measuring time at A = 66 was 17696 s with the laser set on resonance for the ionization of the manganese (laser-on mode) and 3062 s with one of the RILIS lasers blocked (laser-off mode). The singles γ-spectra, which are presented together with the β-γ coincidence spectrum in Fig. 1 , indicate that the most important contaminants are singly-charged 66 Ga + ions and doublycharged 132 Sb 2+ . A statistical analysis of the data was performed by using the SAT LAS code [55] , which allows to apply Bayesian approach. In this approach, the goal is to obtain the posterior probability density function (posterior pdf ), which shows the distribution of the model parameters given the data. By applying Bayes' theorem, the posterior pdf (P (model|data)) can be expressed as a normalized product of two factors (Eq. 1): the likelihood function (P (data|model)), which represents the probability distribution of obtaining the data assuming the model, and the prior (P (model)), which represents the knowledge about the parameters before the experiment.
To generate a representative posterior pdf, the Affine Invariant Markov chain Monte Carlo Ensemble sampler [56] , which is an algorithm implementing a Markov chain Monte Carlo (MCMC) method, was used. A certain amount of samples generated at the beginning of each chain was discarded to accommodate for the tuning of the sampler parameters. This procedure is known as a burn-in. After sampling, a marginalization of the nuisance parameters were performed to obtain the distributions of the parameters of interest. The computed pos-
FIG. 1. (Color online)
Single-γ spectrum collected in the laser-on mode (black) and the laser-off mode (red/medium grey, upscaled 5 times for better visual comparison), and β-γ coincidence spectrum collected in the laser-on mode (blue/light grey) from 0 to 1500 keV (top panel) and 1500 keV to 3500 keV (bottom panel) with the mass separator set to A = 66. Peaks attributed to the decay of 66 Mn and daughter activities are marked.
terior probability density functions represent the entire knowledge of the parameters assuming the given data and the priors. In this work we adopted the 50 percentile of the posterior pdf as a Bayes estimator and the 16 and 84 percentiles as the limits of the 68% credible interval (analogue of Gaussian 1σ).
III. RESULTS

A. Decay of 66 Mn
The decay scheme of 66 Mn to the excited states in 66 Fe was built by using γ-γ and β-γ-γ coincidence techniques (Fig. 2 ). The energy gates were set on the intense γ-ray transitions known from the literature [14-16, 43, 45, 48, 57-60] (Fig. 3) . In order to minimize the background level related to the decay of the daughter activities and in view of the short half-life of 66 Mn (T 1/2 = 64.1(11) ms, details are presented in Section III D), for this part of the analysis only the data registered up to 400 ms after the PP were taken into account. The identified γ-ray transitions attributed to the decay of 66 Mn to 66 Fe are presented in the Table I. Most of the γ-ray transitions were placed on the scheme based on the coincidences. The transitions at 2122, 2874 and 3284 keV were placed based on the energy matching between the transition and already identified excited states. The missing coincidences between the 2122 keV line and the 770, 1133, 1349 and 1526 keV γ-ray transitions can be understood as due to the low intensity of the 2122 keV transition.
The intensities of the γ-ray transitions were determined based on the β-γ coincidence spectrum and were normalized to the strongest transition at 574 keV. In order to calculate the β feeding to the excited states, [61] . The β-feeding of the states should be treated as upper limits and the log(ft) values as lower limits due to the pandemonium effect. Half-life and Pn are determined in the analysis. Spin assignments were made based on the experimental data and the Monte Carlo Shell Model calculations, see text for details. The level at 1413.9 keV is shifted 40 keV upwards on the scheme for better visual representation.
the relative feeding of each state was normalized to the sum of all γ-ray transitions deexciting directly to the ground state (574, 1881, 2122, 2874 and 3284 keV). Then, the obtained values were corrected by the factor, which includes the direct feeding to the ground state (I βgsf = 11.5 +3.9 −4.2 %) and the probability of β − -delayedneutron emission (P n = 7.3 +1.4 −1.1 ). The asymmetric uncertainties of the β feeding of excited states are reflecting the asymmetric uncertainty of the ground state feeding. The discussion regarding I βgsf and P n values is presented in Section III D.
The log(ft) values were calculated with the NNDC calculator [62] . The half-life of the parent nucleus (T 1/2 = 64.1(11) ms, see Section III D for details) was taken from our analysis and the Q β − = 13317 (12) keV from the AME2016 evaluation [61] . In the case of asymmetric uncertainties of the input values, the larger value was taken. It should be noted that since the energy window for the decay is large, our β feeding values should be treated as upper limits due to the pandemonium effect [63] .
Our analysis is extending the decay scheme presented in Ref. [43] and is consistent with the results presented recently [45] . As it was noted in [45] , the level at 2121 keV was mistakenly quoted at 2130 keV in [43] . We did not observe two weak γ-ray transitions reported at 2246 keV and 3074 keV, neither in coincidence with 574 keV transition nor in the single spectrum. The true summing effect was checked for the transition at 2122 keV, which was not observed in the previous β − decay studies, and it is included in the uncertainty of the intensity.
β-delayed-neutron channel
Since the neutron separation energy in 66 Fe (S n = 6921(7) keV) is much lower than Q β − = 13317(12) keV [61] , the emission of β − -delayed-neutrons is possible. In our analysis we identified 4 γ-ray transitions assigned to this channel (Table II) . The transitions at 364, 456 and 561 keV were already reported in the previous analysis of the 66 Mn β − decay [45] . a Seen only in a γ-delayed-γ coincidence spectrum gated on the 364 keV transition. b Calculated by multiplying the intensity of 561 keV transition by the ratio extracted from [64] . See text for details.
The scheme of excited states based on the identified γ-rays is presented in Fig. 5 [64] , not observed in our analysis, and their energies are the differences between levels energies. Intensities are normalized to 100 units of the 364 keV transition. Spin assignments and half-lifes of the states in 65 Fe, except the half-life of 398 keV level, are taken from Ref. [64] .
observed transitions, which are known from the β − decay studies of 65 Mn [64] , were included into apparent β feeding calculations. They were obtained by multiplying the intensity of the observed γ-ray by the ratio of the intensities extracted from [64] . The same procedure was performed for the 163 keV transition, which was observed only in the γ-delayed-γ spectrum gated on the 364 keV transition (see Fig. 4 ). Since the 34 keV γ-ray transition is below the measurable energy range of our setup, it was not possible to determine the feeding of the 398 keV level and, as a result, the reported feeding of 364 keV transition should be treated as a sum of the 364 keV and 398 keV levels feedings. During the analysis we did not observe any transition which can be associated with a decay of the 65 Fe high-spin isomeric state at 394 keV [64] , hence, this level is not presented in our decay scheme. The details regarding the probability of the β − -delayedneutron decay (P n = 7.3
To obtain the direct feeding to the 65 Fe ground state, the γ-detection efficiency corrected counts of the 364, 456 and 561 keV ground state transitions were compared to the corrected counts of the 340, 736, 961, 1076 and 1223 keV observed in the β − -decay of 65 Fe. By using the absolute intensities reported in Ref. [48] and by making a cycle correction, we obtain 48(6)% feeding of the 65 Fe ground state in the β − -delayed-neutron decay of 66 Mn. This result is larger than 33(5)% reported in [45] but consistent within 2σ. 
Half-life of 65m2 Fe
The half-life of the isomeric state in 65 Fe at 398 keV [40, 48, 64] was deduced from the time difference between the signal from the β detector (start) and the 364 keV γ-ray transition deexciting the isomeric state (stop). The fitting region was set from 600 ns up to 6 µs after the start signal to remove the possible direct β or intermediate γ-ray feeding to the 364 keV level.
In our analysis the used model is the exponential decay A(t) = A · exp(− ln(2) T 1/2 t). The likelihood function was built assuming that the number of counts in each bin is following the Poisson distribution while both free parameters, A and T 1/2 , were constrained by the prior to be non-negative. In total 100000 samples were taken from the posterior pdf (20 walkers with 5000 steps each), from which the first 15 % were rejected as a burn-in. After the sampling, a marginalization of A, which is a nuisance parameter, was performed. The posterior pdf of the halflife and the fit to the data are presented in Fig. 6 The scheme of excited states in 66 Co was built using the techniques described in the previous section and is presented in Fig. 7 . The energy gates were set on the γ-ray transitions known from the previous β − decay studies 66 Co populated in β − decay of 66 Fe. The β-feeding of the states should be treated as upper limits and the log(ft) values as lower limits due to the pandemonium effect. The Q β − value is taken from Ref. [61] and the limit for the half-life of the second isomeric state from Ref. [40] . The half-life of the parent nucleus and the first excited state at 176 keV come from our analysis. The spin and parity assignments are made based on the experimental results and the Monte Carlo Shell Model calculations, see text for details. When indicated with an asterisk (*), the log(ft) value was calculated assuming second-forbidden unique transition.
of
66 Fe [42, 67] (Fig. 8 ). The list of transitions attributed to the decay of 66 Fe is presented in the Table III. To determine the energies and intensities of the transitions assigned to the decay of 66 Fe, the data collected from 400 ms to 1 s after PP was used. This time condition allows to reduce the background coming from the 66 Mn decay. The transitions for which determination of energy or intensity from β-γ coincidence spectrum was not possible are described below.
The intensity of the transition at 176 keV deexciting an isomeric state was determined by using the single-γ spectrum. The area of the γ-ray peak was corrected by the γ-ray detection efficiency and compared to the intensity of the 471 keV transition. Later, a γ-delayed-γ spectrum gated on the 176 keV transition was used to obtain the intensities of the 214, 252 and 335 keV transitions (Fig. 9 ). Their peak areas were compared to the peak area of the 806 keV transition.
The γ-ray of 881 keV is emitted in the β − decay of 66 Fe and 65 Fe [48, 68] , which is produced in the β − -delayedneutron decay of 66 Mn. The intensity of this transition related solely to 65 Co was extracted by taking the relative intensity of the 340 keV transition and multiplying it by the ratio of absolute intensities taken from [68] . Then, the obtained value was subtracted from the total intensity of the 881 keV transition yielding to the intensity related to 66 Co. The energy of this γ-ray was determined using the γ-γ coincidence spectrum gated on the 167 keV transition.
The intensity of the 511 keV transition was determined by analyzing the number of β-gated-γ counts as a function of time after PP. We assumed there are four main sources of γ-rays with this energy: β − decay of 66 Fe, escape peaks from the 66 Mn decay high-energy γ-rays (Fig.  10) , Compton-scattered γ-rays and the environmental radiation. We also assumed there might be 511 keV γ-rays of different origin, for example the escape peaks of weak unobserved transitions from the decay of nuclei other than 66 Mn. The intensity obtained from our analysis is equal I 511 = 102.3 The presence of an isomeric state (T 1/2 > 100µs) in 66 Co was first reported by Grzywacz et al. and it was proposed to be a high-spin state which deexcites through 252 keV and 214 keV γ-ray transitions [40] . These two transitions were observed in the γ-delayed-γ spectrum gated on the 176 keV transition (Fig. 9) . The results obtained in the multinucleon transfer studies of 70 Zn beam on 238 U target performed at Laboratori Nazionali di Leg- naro suggest the order of the γ-rays in the cascade deexciting the 642 keV state should be reversed compared to Ref. [40] since only the 252 keV transition was observed [41] . These two transitions (214 keV and 252 keV) were also observed in two independent deep-inelastic reactions ( 70 Zn+ 208 Pb and 64 Ni+ 238 U, see Ref. [68] [69] [70] [71] for experimental details) performed at Argonne National Laboratory [72] . They were registered in a prompt coincidence window of 40 ns with the beam pulse and with each other, and in a delayed coincidence (outside the 40 ns window) with the 176 keV transition. These measurements contradict the isomeric nature of the 642 keV state, hence, we conclude that the isomeric state lies above the 642 keV level and the energy difference between them is below 50 keV which is the low-energy detection limit reported in [40]. Since both levels, 642 keV and 642 + x keV, are proposed to be high-spin state (see discussion in Sec. IV), the feeding of the 642 keV level reported in Fig. 7 should be treated as an unobserved feeding related to the pandemonium effect.
For the states with apparent β feeding consistent with zero, 95% credible limits were calculated. The log(ft) values were calculated as described in the previous section. The Q β − was taken from AME2016 [61] and the half-life (T 1/2 = 485 +39 −34 ms, see following section for the details) from our analysis.
Half-life of 66m1 Co
The half-life of the first isomeric state was obtained by analyzing the time behavior of the 176 keV transition after the β signal (β-γ coincidence) and after the 806 keV transition (γ-γ coincidence). To obtain the the γ-γ coincidence data, the 806 keV transition was chosen as a start signal and the 176 keV transition as a stop signal. The data were fitted from 0.5 to 10 µs assuming an exponential decay model (Eq. 2).
For the β-γ coincidence, two separate sets of data were prepared. The first set contained the number of counts in the background area as a function of the time after the β signal (light area in the insert of Fig. 11 ) and it was described by an exponential decay model with a constant (Eq. 3), which reflects the existence of a time-dependent and a time-independent part of the background.
The second set contained the counts in the peak area (dark area in the insert of Fig. 11 ) which was described as an exponential decay function with the isomer half-life, and an exponential function and a constant to include the background (Eq. 4).
The background area was normalized to the number of channels in the peak area. It was assumed that the parameters in Eq. 3 and background parameters in Eq. 4 (A bkg0 , T bkg and C) are identical. For both sets of data, the fitting region was set from 0.6 to 10 µs after β signal. All datasets were fitted simultaneously assuming that the free parameters are non-negative, which was provided by using priors, and that counts in each bin are described by Poisson distribution. The random walk was performed with 20 walkers and 10000 steps, from which the first 15% were rejected as a burn-in. The fits are presented in Fig.  11 and 12 and the posterior probability density function of the half-life after the marginalization is presented as an insert of Fig. 12 . The value obtained in our analysis is equal to 823 The scheme of excited states in 66 Ni (Fig. 13 ) was built by setting the energy gates on the previously known γ-ray transitions [11, 35, 41, 44, 69, [73] [74] [75] [76] [77] [78] (Fig. 14) . We confirmed a decay scheme recently published in [44] . In addition we observed a γ-ray transition at 3228 keV, which was assigned to 66 Ni based on the energy matching with the excited state. The list of transitions attributed to the decay of 66 Co is presented in were determined with 95% credible limits. For the state at 3746 keV, which was observed in the (t, p) reaction [73] , a systematic shift of −6 keV proposed in Ref. [69] was applied. The results are presented in Table IV .
The direct feeding to the ground state was obtained for the first time and is equal 67.1 +4.9 −6.6 %. The log(ft) values were calculated as described in the previous section. The Q β − was taken from AME2016 [61] and the half-life of 66 Co (T 1/2 = 200(20) ms) from NNDC evaluation [79] . (Color online) Counts in the peak area of the 176 keV γ-ray transition as a function of time after the β particle (red circles) with the fitted function (black straight line) and counts in the background area (blue squares) with the fitted function (blue dash-dotted line). Insert: a portion of the β-delayed-γ spectrum (coincidence time 0.5 to 10 µs) in the 176 keV γ-ray transition region with marked peak area (dark shade) and background areas (light shades). See text for details. 
D. Half-lifes and ground state feedings
To determine ground state feedings in the analyzed nuclei and their half-lifes, the numbers of registered γ-rays and β particles were compared. It was assumed that after closing the beam gate, when there is no implantation, the number of registered γ-rays assigned to a particular decay channel as a function of time should be described Co 39 66 
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(1 + ) 0.20 (2) by the γ-decay curve, which is an adequate Bateman's equation (see Appendix B). It was also assumed that the number of registered β particles as a function of time (β-decay curve) can be described as a linear combination of all the γ-decay curves: 
Due to the long half-lifes of nickel isotopes (2.5 h [80] and 54.6 h [79] for 65 Ni and 66 Ni, respectively), parameters A Cu65 , A Cu66 and A Zn66 were set to zero. Because of the low statistics, the part of the equation A Co65 γ Co65 (t)+A N i65 γ N i65 (t) was approximate by a constant value C. This parameter contains also the contribution of the beam contaminants to the β-decay curve. Since both 65 Fe and 66 Fe are produced in the β − decay of 66 Mn, their γ-decay curves can be described by the same Bateman's equation. After applying these assumptions, Eq. 5 can be rewritten to Eq. 6, which constitutes the model for β-decay curve.
The γ-decay curves were described by the most intense transitions from each decay (574, 471 and 1425 keV). The data were taken from the β-gated-γ spectrum to include the efficiency of the β detectors. To overcome the problem of the background in the γ spectrum, for each transition two sets of data were prepared, one from the peak area and one from the background area, as it was discussed in the section related to the 66m1 Co half-life. The assumed model for the background dataset was an exponential decay function and a constant while the peak area datasets were described by Eq. 7, where γ sig (t) is the relevant Bateman's equation and γ bkg (t) is the background model. Two additional datasets were prepared for the 364 keV transition in 65 Fe. They were taken from the β-gated-γ spectrum with longer coincidence time (from 0 to 4.5 µs) to account for the contribution of the isomeric state.
The simultaneous fit of nine datasets (signal and background datasets for each of 574, 471, 1425 and 364 keV transitions and one dataset with β particles) with 25 free parameters was performed with SATLAS. The likelihood function was built assuming that the number of counts in each bin in all datasets are following the Poisson distribution. The priors were set to constrain the half-life of 66 Co to the literature value (T 1/2 = 200(20) ms [79] ), the A parameters from Eq. 6 to be equal or larger than 1, which reflects the fact that the number of decays through excited states cannot exceed the number of all decays, and the rest of free parameters to be non-negative. The random walk was performed with 60 walkers and 100000 steps, from which first 15% were rejected as a burn-in. The results of the fit are presented in Fig. 15 .
From the fit, two half-lifes of the analyzed nuclei could be extracted. For 66 Mn the obtained value is T 1/2 = 64.1(11) ms (Fig. 16) , which is in an excellent agreement with the weighted average reported in NNDC (65(2) (Fig.  17) . This result is consistent with 440(60) ms coming from two separate experiments, reported in Ref. [81, 82] , but it is significantly different from 351(6) ms reported in Ref. [42] .
To extract ground state feedings, each A parameter from Eq. 6 was corrected by the γ-detection efficiency (ef f γ ) and by the intensity factor defined as f I = I γ × ( I γ to g.s. ) −1 , where I γ is the relative intensity of the transition used for fitting (574, 471 or 1425 keV) and I γ to g.s. is the sum of the relative intensities of the transitions deexciting directly to the ground state. The latter factor includes the information about the decays through excited states, which did not lead to the emission of the selected γ-ray transition. After applying the corrections, the B parameters, defined as B = A × ef f γ × f I , were computed.
The missing feeding (mf ) is related to the B parameter through Eq. 8:
In the case of 66 Fe decay to 66 Co and 66 Co decay to 66 Ni, the missing feedings are interpreted as ground state feedings (see the inserts of Fig. 15 for the posterior probability density functions), while in the case of the 66 Mn β − decay, the missing feeding is interpreted as a sum of the ground state feeding to 66 Fe and the probability
FIG. 15. (Color online)
The fit results of the γ-decay curves to the number of β particles registered in time (red circles). The β-decay curve (Eq. 6) is plotted as a black straight line. The contribution of the 66 Mn, 66 Fe and 66 Co decays is represented by the red straight line (Eq. B1), green dashed line (Eq. B2) and blue dash-dotted line (Eq. B3), respectively. The purple dotted line represents a constant from Eq. 6. Insert: posterior probability density functions of the direct feeding to the ground state of (from left) 66 Fe, 66 Co and 66 Ni, and the probability of β-delayed-neutron emission. The 16, 50 and 84 percentiles are indicated with vertical, dotted lines. of the β − -delayed-neutron decay. The latter one can be extracted by using Eq. 9: where A F e and α F e are parameters extracted from the fit of the 574 keV transition, α F e65 is the parameter from the fit of the 364 keV transition, gsf 65 is the direct feeding of 65 Fe from 66 Mn decay, and ef f 364 γ and f
I
are the γ detection efficiency and the intensity factor for the 364 keV transition, respectively. The derivation of this equation is presented in the Appendix C. The ground state feeding of 66 Fe is defined as a difference between the missing feeding and the probability of β-delayed-neutron decay. The posterior probability density functions of both, the ground state feeding of 66 Fe and the probability of the β-delayed-neutron, are presented as the insert in Fig. 15 .
It should be noted that the presented method allows to estimate only the upper limits of the ground state feedings as the missing feeding consists of a true ground state feeding, as well as an unobserved feeding from the higher-lying excited states (pandemonium effect).
The β feeding to the excited state is defined as a product of the apparent β feeding to the selected state (I app β ) and the total β feeding to the excited states, which is linked to the missing feeding. After calculations, the formula used to obtain the β feedings of the excited states in the analyzed nuclei is:
The 11.5
−4.2 % of the direct feeding to the 66 Fe ground state and the 7.3 +1.4 −1.1 % probability of the β − -delayedneutron emission are not in agreement with previously reported I βgsf = 36(6)% and P n = 4(1)% in Ref. [43] , I βgsf = 47(8)% and P n = 3.8(8)% in Ref. [45] and P n = 9.5(5)% in Ref. [83] . Also the 59.5 +5.1 −6.4 % of the direct feeding to the 66 Co ground state is not in agreement with 72(5)% reported in Ref. [42, 84] , which can be explained by the fact we identified three more γ-ray transitions at 982, 1049 and 1212 keV feeding the ground state. This discrepancy might also explain the difference between our analysis and the feeding to the 66 Fe ground state reported in Ref. [45] since the latter one was based on the values from Ref. [42] .
IV. DISCUSSION
In order to obtain better insight into the structure of analyzed nuclei, Monte Carlo Shell Model calculations (MCSM) were performed. These calculations were successfully used in this region to explain, next to excitation energies, a broad range of experimental observables, such as log(ft) values [87] , electromagnetic moments [88] and lifetimes of excited state [35] . We assumed 40 Ca to be an inert core and we used the A3DA interaction, which covers pf g 9/2 d 5/2 valance space for both protons and neutrons. The electromagnetic transitions were calculated with the effective charges and g factors. Their values were set to 1.5e and 0.5e for protons and neutrons, respectively, and g The details of the MCSM technique can be found in Ref. [21, 89, 90] . Table V ) as well as the energy matching between the experimental level and the theoretical 1 + state (see Fig. 19 ). The 1 + assignment for the 2874 keV level is also consistent with a direct deexcitation to the 66 Fe ground state and lack of γ-ray transition to the (4 + ) state at 1407 keV. Thus, for the further discussion and interpretation, the 66 Mn was tentatively assigned as (2 + ) while the excited state at 2874 keV in 66 Fe as (1 + ). Figure 19 shows a comparison of the observed and calculated states in 66 Fe together with the log(ft) values and the intensities of the γ-ray transitions. There is a very good agreement between experimental and theoretical energies of the excited states, however, the calculated log(ft) values are substantially larger than the experimental results. The Q β − of about 13 MeV together with the fact that the highest observed state has about 3.6 MeV might suggest that part of the feeding from the high-lying states is not observed (pandemonium effect). The low-efficiency experimental setups are known to be burdened with a systematic error related to the inability to detect high-energy and low-intensity γ-ray transitions. The Total Absorption Spectroscopy (TAS) measurements, which are not affected by this issue can significantly reduced the β-feedings of the low-lying states [92] [93] [94] [95] [96] [97] [98] . Consequently, the β-feedings presented in our work have to be treated as the upper limits while the associated log(ft) values are the lower limits.
From our work we confirm the spin sequence of the lowest lying 2 we tentatively assign spin and parity of 2 + to the states at 1881 and 2121 keV. Next to the good energy matching between experimental results and theoretical calculations, the characteristic γ-decay pattern also agrees with the calculations. Using the calculated reduced transition probabilities and the experimental energies, the intensity ratios of transitions deexciting these two states were calculated and compared to the experimental values (see Fig. 19 ). The transitions from the 2 (Table VI) indicates that the β − decay is dominated by the ν0f 5/2 → π0f 7/2 GamowTeller decay. The structure of the states can be also presented in the form of T-plots (Fig. 18 ) which show the distribution of the MCSM basis vectors on the Potential Energy Surface (PES) [21, 90, 99] . The area of the circles, which represent the basis vectors, is proportional to the overlap probability with the state wave function. For the ground state of 66 Mn, the circles are located in the prolate deformation region of PES which might suggest, together with a significant occupation of the ν0g 9/2 shell, that this nucleus lies within the Island of Inversion located around 64 Cr [20] . A similar pattern of circles can be observed for the 1 The strong population of the ground state and the excited state at 982 keV in 66 Co which is resulting in the log(ft) values of 4.38(6) and 4.33 (10) , respectively, suggests a spin and parity of 1 + for both of them. The ground state assignment is in contradiction with previously proposed (3 + ) [75] , however, it is in agreement with the more recent experimental studies [42, 69] (Fig. 20) . The 66 Fe ground state wave function is predicted to be fragmented (Fig. 18 ) which might suggest a transitional nature of this nucleus as it lies between the center of the Island of Inversion around 64 Cr [20] and the spherical 68 Ni [21] , and allows the decay to three 1 + states with different shapes: spherical, oblate and prolate (Fig. 18) . The energies and the log(ft) values are well reproduced for the first and the second 1 + states, however, we do not observed a state which can be assigned as the third 1 + . The half-life of the first excited state in 66 Co at 176 keV (T 1/2 = 823 +22 −21 ns) suggests a deexcitation through an E2 transition and, as a result, a spin and parity of 3
+ . This assignment is consistent with the low β-feeding of this state (I β < 1%) as well as with the Monte Carlo Shell Model calculations. The first excited state is predicted to be 3 + and its half-life, assuming the experimental energy
5.48 (22) 5.77 (19) 4.33 (10) (1 + )
5.68 (17) 6.27 ( and theoretical B(E2) value, is 536 ns. Hence, we propose a tentative spin and parity assignment of (3 + ) for the state at 176 keV.
The state at 511 keV was tentatively assigned spin and parity (2 + ) based on the low β-feeding, the strong feeding from the 1 + 2 state at 982 keV, the deexcitation to the 1 + 1 ground state and (3 + ) state, and based on the energy matching with the Monte Carlo Shell Model calculations (Fig. 20) .
The state at 642 keV was suggested to be an isomeric state (T 1/2 > 100 µs) which deexcites through an M2 transition [40] . However, in the light of the results obtained in the deep-inelastic scattering [72] , we propose that an isomeric state lies less than 50 keV above the 642 keV level. Based on the MCSM calculations, we tentatively assigned spins and parities of 6 − , 6 + and 4 + for the levels 642 + x keV, 642 keV and 427 keV, respectively. These assignments allow a deexcitation of the 642 + x state through an E1 transition for which the Weisskopf estimate of the half-life, assuming the hindrance factor of 10 5 [100] and energy of 5 keV, is about 330 µs and it is consistent with the experimental limit. (Table VI) , the wave functions of the discussed nickel states have two strong components, νf state, the amplitude of this component is much smaller than for 2 + 3 , which leads to the differences in the average occupation numbers and the enhancement of the decay to the third 2 + state compared to the first 2 + . The calculations show substantial differences in the average occupation numbers between the states in 66 Ni. The 0 + and 2 + states which are not populated in the β − decay have a significantly larger occupation of the neutron 0g 9/2 orbital and the proton orbitals above Z=28, compared to the states populated in the β − decay. The simultaneous increase of the proton and neutron excitations can be understood as a Type II shell evolution [21, 34] . It was observed in other nickel isotopes that with the increase of the ν0g 9/2 occupation, the gap between π0f 7/2 and π0f 5/2 shells is reduced [21] . The differences in the configuration are also leading to shape coexistence, as can be deduced from the states T-plots (Fig. 18) . The 0 + and 2 + levels populated in the β − decay of the spherical 66 Co ground state are also spherical, while the non-populated states are oblate-or prolate-deformed.
V. CONCLUSIONS
The excited states in the 65, 66 Fe, 66 Co and 66 Ni, populated in the β − decay of 66 Mn, were studied be the means of γ spectroscopy. The decay schemes were build using β-γ and γ-γ coincidence techniques. The half-life of two nuclei, 66 Mn and 66 Fe, and two isomeric states, 65m2 Fe and 66m1 Co, were determined in this analysis and compared with the previous experimental results. The spins and parities of the low-lying states were tentatively assigned based on the experimental data and theoretical calculations. The ground state β-branchings, which were obtained by analyzing the γ-ray intensities and by comparing the number of registered β and γ counts, are in contradiction with the previously reported values for the 66 
Mn and
66 Fe decays while for the decay of 66 Co it was determined for the first time.
The Monte Carlo Shell Model calculations with the A3DA interactions were performed in order to obtain a better understanding of the structure of the analyzed nuclei. A strong β-feeding from a deformed 66 To obtain the intensity of the 511 keV transition, its time behavior was analyzed. The utilized model (Eq. A1) describes the main sources of this γ-ray: β − decay of 66 Fe (N F e ), 66 Mn decay high-energy γ-rays (N M n ), Compton-scattered γ-rays (N bkg ), environmental background (N of f ) and other (N o ).
N 511 (t) = N F e (t) + N M n (t) + N bkg (t) + N of f (t) + N o (t) (A1) The 511 keV transitions from the β − decay of 66 Fe have the same time behavior as the 471 keV transition as they are both originating from the same source. Hence, this part of the model is parameterized as
where γ sig 471 (t) is the γ-decay curve of the 471 keV transition and ξ is the scaling parameter which is equal to the ratio of the number of registered counts of the 511 keV and 471 keV transitions. By analogy, the high-energy γ-rays from the 66 Mn decay have the same time behavior as the 574 keV transition, thus they are described as N M n (t) = φ × γ sig 574 (t).
(A3)
The Compton-scattered background (N bkg ) was described by an exponential decay model with a constant to include time-dependent and time-independent components.
N bkg (t) = N bkg0 e − ln(2) T bkg
Both, the environmental background (N of f ) and the other sources of the 511 keV transition (N o ) were parameterized using constants. As described in Sec. III D, the γ-decay curves (γ sig 471
and γ sig 574 from Eqs. A2 and A3) were constrained using for each, the 471 keV and 574 keV transitions, one dataset from the peak area and one from the background area. The Compton-scattered background part of the model was constrained by using the dataset from the 511 keV transition background area while the environmental background was constrained by the dataset from the 511 keV transition peak area collected in the laser-off mode and scaled by the laser-on to laser-off acquisition time ratio. All the datasets were taken from the β-gated-γ spectrum. The simultaneous fit of seven datasets with 18 free parameters was performed with SATLAS. The fitting range was set from 140 to 1000 ms after PP. Each parameter was set to be non-negative by using priors. The likelihood function was built assuming that the number of counts in each bin in all datasets are following the Poisson distribution. The random walk was performed with 60 walkers and 100000 steps, from which first 15% were rejected as a burn-in. The fit results are presented in Fig.  22 .
The intensity of the 511 keV transition can be linked to the ξ parameter using Eq. A5:
where N 511 and N 471 are the numbers of emitted γ-rays, N R 511 and N R 471 are the numbers of registered γ-rays and ef f 511 and ef f 471 are the detection efficiency for the 511 keV and 471 keV, respectively.
After the marginalization, the ξ parameter was corrected by the γ-detection detection efficiencies and the obtained intensity is equal I 511 = 102.3 +8.4 −10.0 . The posterior probability density function is presented as an insert in Fig. 22 Appendix B: Bateman's equations The P n value is defined as a ratio of decays through delayed neutron channel to all the decays:
Since both channels have the same time behavior and they are described by the Bateman's equation with the same half-life, it is enough to consider only amplitudes of these functions (α parameters). The total number of decays can be written as:
where both parameters are determined from the fit. By analogy, the number of decays through delayed neutron channel can be written as:
The α F e65 parameter is determined from the fit of the 364 keV transition while A F e65 is unknown, but it can be linked to the ground state feeding of 65 Fe from 66 Mn decay by using Eq. 8:
which then can be transformed into:
(C5)
All the parameters in Eq. C5 are known from the analysis. By putting Eqs. C2, C3 and C5 into Eq. C1, one can get:
A F e × α F e = 1 A F e × α 
